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ABSTRACT
The function of many nano- and microscale systems is revealed when they are visualized in both space and time. Here, we report our first
observation, using four-dimensional (4D) electron microscopy, of the nanomechanical motions of cantilevers. From the observed oscillations
of nanometer displacements as a function of time, for free-standing beams, we are able to measure the frequency of modes of motion and
determine Young’s elastic modulus and the force and energy stored during the optomechanical expansions. The motion of the cantilever is
triggered by molecular charge redistribution as the material, single-crystal organic semiconductor, switches from the equilibrium to the expanded
structure. For these material structures, the expansion is colossal, typically reaching the micrometer scale, the modulus is 2 GPa, the force
is 600 µN, and the energy is 200 pJ. These values translate to a large optomechanical efficiency (minimum of 1% and up to 10% or more) and
a pressure of nearly 1,500 atm. We note that the observables here are real material changes in time, in contrast to those based on changes
of optical/contrast intensity or diffraction.
As the physical dimensions of a structure approach the
coherence length of carriers, phenomena not observed on
the macroscopic scale (e.g., quantization of transport proper-
ties) become apparent. The discovery and understanding of
these quantization effects require continued advances in
methods of fabrication of atomic-scale structures and, as
importantly, in the determination of their structural dynamics
in real time when stimulated into a configuration of a
nonequilibrium state. Of particular importance are techniques
that are noninvasive and capable of nanoscale visualization
in real time.
Examples of the rapid progress in the study of nanoscale
structures are numerous in the field of micro- and nanoelec-
tromechanical systems (i.e., MEMS and NEMS, respec-
tively).1,2 Recent advancements have resulted in structures
having single-atom mass detection limits and binding
specificities on the molecular level, especially for biological
systems.3,4 Beyond mass measurement and analyte detection,
changes in the dynamics of these nanoscale structures have
been shown to be sensitive to very weak external fields,
including electron and nuclear spins,5,6 electron charge,7 and
electron and ion magnetization.8 The response to external
stimuli is manifested in deflections of the nanoscale, and a
variety of techniques have been used to both actuate and
detect the small-amplitude deflections.1 Optical interference
is often used for measurement purposes, wherein the deflec-
tions of the structure cause a phase shift in the path-stabilized
laser light thus providing detection sensitivities that are much
less than the radius of a hydrogen atom.9
While current methods of detection provide insight into
the movements of nanoscale structures, direct real-space and
time visualization of modes of oscillations at frequencies
pitched in the ultrasonic range (i.e., kilohertz to gigahertz)
has not so far been possible. In principle, the use of optical
methods (e.g., reflection/interferometry) can provide the
ultrafast temporal resolution, but not the 3D spatial struc-
ture.10 On the other hand, conventional electron microscopy
can image the structure in real space but has a temporal
resolution of milliseconds, being limited by the frame rate
of current compatible CCD cameras, with optimized read-
out capabilities, which at present is one frame every 33 ms.11
High spatiotemporal resolutions (atomic scale) can be
achieved in 4D ultrafast electron microscopy (UEM).12,13
Thus it is possible to image structures, morphologies, and
nanomechanical motions (e.g., nanogating14 and nano-
drumming15) in real time.
Here, we report the direct visualization of nano- and
microscale cantilevers and the (resonance) oscillations of
their mechanical motions. The static images were constructed
from a tomographic tilt series of images, whereas the in situ
temporal evolution was determined using the stroboscopic
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configuration of UEM,16,17 which is comprised of an initiating
(clocking) laser pulse and a precisely timed packet of
electrons for imaging. The pseudo-one-dimensional molec-
ular material (copper 7,7,8,8-tetracyanoquinodimethane,
[Cu(TCNQ)]), which forms single crystals of nanometer and
micrometer length scale, is used as a prototype.18,19 The
optomechanical motions are triggered by charge transfer from
the TCNQ radical anion (TCNQ-) to copper (Cu+). More
than a thousand frames were recorded to provide a movie
of the 3D movements of cantilevers in time (see Supporting
Information). As shown below, the expansions are colossal,
reaching the micrometer scale, and the spatial modes are
resolved on the nanoscale in the images with resonances of
megahertz frequencies for the fixed-free cantilevers. From
these results, we obtained the Young’s modulus and force
and energy stored in the cantilevers.
Here, different crystals were studied, and generally are of
two types: (1) those “standing”, which are free at one end
(cantilevers), and (2) those which are “sleeping” on the
substrate bed; the latter will be the subject of another report.
For cantilevers, the dimensions of the two crystals studied
are 300 nm thick by 4.6 µm long and 2.0 µm thick by 10
µm long (Figure 1). As such, they define an Euler-Bernoulli
beam, for which we expect the fundamental flexural modes
to be prominent, besides the longitudinal one(s) which are
parallel to the long axis of the crystal.
Our interest in Cu(TCNQ) stems from its highly aniso-
tropic electrical and optical properties, which arise from the
nature of molecular stacking in the structure; for a thorough
overview see the paper by Dunbar and co-workers.19 As
illustrated in Figure 1, Cu(TCNQ) consists of an inter-
penetrating network of discrete columns of Cu+ and TCNQ-
running parallel to the crystallographic a axis. The TCNQ
molecules organize so that the π systems of the benzoid rings
are strongly overlapped, and the favorable interaction
between stacked TCNQ molecules makes the spacing
between the benzoid rings only 3.24 Å, significantly less than
that expected from purely van der Waals-type interactions.
It is this strong π stacking that results in the pseudo-one-
dimensional macroscale crystal structure and is responsible
for the anisotropic properties of the material.20 With electric
field or light, the material becomes mixed in valence with
both Cu+(TCNQ-) and Cu0(TCNQ0) in the stacks, weakening
the interactions and causing expansion.14 At high fluences,
the reversible structural changes become irreversible due
to the reduction of copper from the +1 oxidation state to
copper metal and subsequent formation of discrete islands
of copper metal driven by Ostwald ripening.14 The method-
ology we used here for synthesis18 resulted in the production
of single crystals of phase I.19
The tilt series images shown in Figure 2 provide the 3D
coordinates of the cantilevers. The dimensions and protrusion
angles of these free-standing crystals were characterized by
taking static frames at different rotational angles of the
substrate and made to construct a movie of their 2D
projections (see Supporting Information). With the crystal
projections placed into a laboratory frame orthogonal basis
and the length of the projections in the x-y (substrate) plane
measured as the crystal is rotated by an angle R about the x
axis, the angles were obtained to be Θ of 37.8° and φ of
25.3°, where Θ is the angle the material beam makes with
respect to substrate-surface normal and φ is the azimuthal
angle with respect to the tilt axis, respectively. Note that the
movie of the tilt series clearly shows the anchor point of the
crystal to be the substrate. The dimensions and geometries
of the crystals are determined from the tilt series images with
5% precision.
To visualize real time and space motions, the microscope
was operated at 120 kV (UEM-1) and the electron pulses
were photoelectrically generated by laser light of 355 nm.
The clocking optical pulses (671 nm laser), which are well-
suited to induce the charge transfer in Cu(TCNQ),21 were
held constant at 3 µJ, giving a maximum fluence of 160 mJ/
cm2. Because the relevant resonance frequencies are on the
megahertz scale, the nanosecond pulse arrangement of our
UEM13 was more than enough for resolving the temporal
changes. The time delay between the initiating laser pulse
and probe electron pulse was controlled with precision, and
the repetition rate of 100 Hz ensured recovery of the structure
between pulses. A typical static image and selected-area
Figure 1. Atomic scale to macroscale structure of phase I
Cu(TCNQ). Shown in the upper panel is the crystal structure as
viewed along the a axis (i.e., π stacking axis) and c axis. The unit
cell is essentially tetragonal (cf. ref 19) with dimensions a ) 3.8878
Å, b ) c ) 11.266 Å, R ) γ ) 90°, and  ) 90.00(3)°; gray
corresponds to carbon, blue corresponds to nitrogen, and yellow
corresponds to copper. The hydrogen atoms on the six-membered
rings are not shown for clarity. The lower panel displays a typical
selected-area diffraction pattern from Cu(TCNQ) single crystals as
viewed down the [011] zone axis along with a micrograph taken
in our UEM. The rodlike crystal habit characteristic of phase I
Cu(TCNQ) is clearly visible.
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diffraction are displayed in Figure 1. From the selected-area
diffraction and macroscopic expansion we could establish
the nature of correlation between unit cell and the crystal
change.14
The 4D space-time evolution of cantilevers is shown in
Figures 3 and 4. The referenced (to negative time, tref ) -10
ns; i.e., before the arrival of the clocking pulse) difference
images of the microscale (Figure 3) and nanoscale (Figure
4) free-standing single crystal clearly display modes of
expansion on the megahertz scale. Each image illustrates how
the spatial location of the crystal has changed relative to the
reference image as a function of the time delay, elucidating
Figure 2. Tomographic tilt series of images. The frames show images (i.e., 2D projections) of the Cu(TCNQ) single crystals acquired at
different tilt angles of the specimen substrate. The highlighted region illustrates a large change in the position of the free-standing mircoscale
crystal relative to another, which is lying flat on the substrate, as we change the tilt angle. The scale bar in the lower left corner measures
2 µm. The tilt angle at which each image was acquired is shown in the lower right corner of each frame in degrees. The tilt angle is defined
as zero when the specimen substrate is normal to the direction of electron propagation in the UEM column. A movie of all 100 frames of
the tilt series can be found in Supporting Information.
Figure 3. 4D electron micrographs of the microscale cantilever. The frames show referenced difference images with the reference
frame (tref ) -10 ns) subtracted from subsequent frames. As detailed in the text, a particle in the image field is used as a reference
for any thermal drift. The difference images illustrate the characteristic dynamics of the free (i.e., nonanchored) end of the microscale
Cu(TCNQ) crystal. That is, each frame shows the spatial location of the crystal at a point in time (shown in the lower right corner
of each frame) during the dynamics relative to the initial position of the crystal just prior to the arrival of the clocking laser pulse.
The small spots seen in the image were determined via selected-area diffraction to be copper oxide (CuO) particles adhering to the
substrate. The scale bar in the lower left corner of each frame measures 200 nm, and these images were acquired with the specimen
substrate normal to the electron beam (zero tilt angle). At this angle, the expansion reaches the value of 430 nm, which is the
projection in the x-y plane suggesting a maximum possible longitudinal expansion of 720 nm. We note that as the material expands
longitudinally the transverse motions must be considered; the flexural in the x-y plane will not contribute, but the z motion will, to
the projected expansion. The amplitude of the contribution depends on the initial expansion and its time scale (see Figures 5 and 6).
A movie of the crystal dynamics can be found in the Supporting Information.
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both the longitudinal and transverse displacements from the
at-rest position. In order to accurately measure the positions
in space, we used a reference particle in the image.22 These
reference particles, which are fixed to the surface of the
substrate, do not appear in frame-reference images if drift is
absent or corrected for. This is an important indication that
the observed crystal dynamics do not arise from motion of
the substrate due to thermal drift or photothermal effects.
Moreover, there is no significant movement observed in
images obtained before the arrival of the excitation pulse,
indicating that, during the time of pulse separation, the
motion has completely damped out and the crystal has
returned to its original spatial configuration. The thermal,
charging, and radiation effects of the electron pulses are
negligible here and in our previous studies made at higher
doses.14 This is evidenced in the lack of blurring of the
images or diffraction patterns; no beam deflection due to
sample charging was observed. Lastly, no signs of structural
fatigue or plasticity were observed during the course of
observation, showing the function of the cantilever to be
robust for at least 107 pulse cycles.
Shown in Figure 5 is the displacement of the microscale
single crystal as a function of time, in both the longitudinal
and transverse directions, along with the fast Fourier
transforms (FFT) of the observed spatial oscillations for the
time range shown (i.e., 0-3.3 µs). The motions in both
directions of measurement are characterized by a large initial
displacement from the at-rest position. The scale of expansion
is enormous. The maximum longitudinal expansion possible
(after accounting for the protrusion angle) for the 10 µm
crystal would be 720 nm or over 7% of the total length. For
comparison, a piezoelectric material such as lead zirconate
titanate has typical displacements of less than 1% from the
relaxed position, but it is known that molecular materials
can show enormous optically induced elastic structural
changes on the order of 10% or more.23,24 The large initial
motion is transferred into flexural modes in the z and x-y
directions, and these modes persist over the microsecond (or
longer) scale. The overall relaxation of the crystal to its initial
position is not complete until several milliseconds after
excitation. From the FFTs of the measured displacements,
we obtained the frequency of longitudinal oscillation to be
3.3 MHz, whereas the transverse oscillations are found at
2.5 and 3.3 MHz (Figure 5). We note that the motion
represents coupling of modes with dephasing, so it is not
surprising that the FFT gives more than one frequency. In
fact, from an analysis consisting of a decomposition of the
motion via rotation of a principle axes coordinate system
relative to the laboratory frame, we found that the plane of
lateral oscillation of the crystal was tilted by 18° relative to
the plane of the substrate. The nature of contact with the
substrate influences not only the mode structure but also the
damping of cantilevers.25
Because of the boundary conditions of a fixed-free beam,
the vibration nodes are not evenly spaced and the overtones
are not simple integer multiples of the fundamental flexural
frequency (f1), but rather occur at 6.26, 17.5, and 34.4 for
f2, f3, and f4, respectively.26-28 This is in stark contrast to the
integer multiples of the fundamental frequency of a
fixed-fixed beam. Taking 3 MHz to be the main funda-
mental flexural frequency of the microscale crystal, we can
deduce Young’s elastic modulus. The expression for the
frequencies of transverse (flexural) vibrations of a fixed-free
beam is given by
fn ) η πκ8L2
c ≡ η πκ
8L2YF (1)
where fn is the frequency of the nth mode in hertz, L is the
beam length at rest, Y is Young’s modulus, and F is the
density. The radius of gyration of the beam cross section is
κ and is given as t/121/2, where t is the thickness of the beam
with rectangular cross section.26-28 The values of η for the
beam are 1.1942, 2.9882, 52, 72,..., (2n - 1)2, approaching
whole numbers for higher η values. The overtones are not
Figure 4. 4D electron micrographs of the nanoscale cantilever. As in Figure 3, the frames show referenced difference images following the
methodology in the text. The difference images illustrate the characteristic dynamics of the free (i.e., nonanchored) end of the nanoscale
Cu(TCNQ) crystal. The scale bar in the lower left corner of each frame measures 200 nm. A movie of the crystal dynamics can be found
in the Supporting Information.
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harmonics of the fundamental, and the numerical terms for
f1 and f2, which result from the trigonometric solutions
involved in the derivation, must be used without rounding.26
For the longitudinal modes of fixed-free beam, fn ) (2n -
1)c/4L.
From the above equation, and knowing F ) 1.802 g·cm-3,
we obtained Young’s modulus to be 2 GPa, with the speed
of sound, therefore, being 1100 m·s-1; we estimate a 12%
uncertainty in Y due to errors in t, L, and f. This value of
Young’s modulus (N·m-2) is very similar to that measured
for TTF-TCNQ single crystals using a millimeter length
vibrating reed under an alternating voltage.29 Both materials
are pseudo-one-dimensional, and the value of the modulus
is indicative of the elastic nature along the stacking axis in
the direction of weak intercolumn interactions. Young’s
modulus slowly varies in value in the temperature range
50-300 K but, when extrapolated to higher temperatures,
decreases for both TTF-TCNQ and K(TCNQ).29 From the
absorbed laser pulse energy (30 nJ), the amount of material
(7.2 × 10-14 kg), and assuming the heat capacity to be similar
to TTF-TCNQ (430 J·K-1·mol-1),30 the temperature rise in
the microscale crystal is expected to be at most 260 K.
Finally, we note that for the same modulus reported here
the frequency of longitudinal mode expansion (f ) c/4L; n
) 1) should be nearly 25 MHz, which is not seen in the
FFT with the reported resolution, thus suggesting that the
observed frequencies in the longitudinal direction are those
due to cantilever motion in the z direction; the longitudinal
expansion of the crystal is about 1 to 2% of its length,14
which in this case will be 100 to 200 nm.
The potential energy stored in the crystal and the force
exerted by the crystal at the moment of full extension along
the long axis just after time zero (cf. Figure 5A) can be
estimated from the amplitudes and using Hooke’s law
V) 12(YAL )∆L2 (2a)
F) (YAL )∆L (2b)
where V and F are the potential energy and force, respec-
tively, and A is the cross-sectional area of the crystal. The
bracketed term in eq 2a is the spring constant (assuming
harmonic elasticity, and not the plasticity range), and by
simple substitution of the values, we obtained 200 pJ and
600 µN for the potential energy and force, respectively,
considering the maximum possible expansion of 720 nm;
even when the amplitude is at its half value (see Figure 5A),
the force is very large (∼300 µN). For comparison, the
average force produced by a single myosin molecule acting
on an actin filament, which was anchored by two polystyrene
beads, was measured to be a few piconewtons.31 In other
words, because of molecular stacking, the force is huge. Also
because of the microscale cross section, the pressure of
expansion translates to 0.1 GPa, only a few orders of
magnitude less than pressures exerted by a diamond anvil.
On the basis of the laser fluence, crystal dimensions, and
absorptivity of Cu(TCNQ) at 671 nm (3.5 × 106 m-1),21 the
maximum pulse energy absorbed by the crystal is 30 nJ. This
means that, of the initial optical energy, a minimum of ∼1%
is converted into mechanical motion of the crystal. But in
fact, it could reach 10% or more as determined by the
projection of the electric field of light on the crystal.
In order to verify the trend in frequency shifts, the above
studies were extended to another set of crystal beams,
Figure 5. Oscillation dynamics and frequencies of the microcantilever. The Cu(TCNQ) single crystal measures 2 × 2 × 10 µm (w × h ×
l) with one end anchored to the substrate. The initial displacement and subsequent oscillatory motion of the crystal were quantified in the
(A) longitudinal and (B) transverse directions. The longitudinal and transverse directions are defined as being parallel and perpendicular to
the crystallographic a axis, respectively, and are illustrated by the blue (longitudinal) and red (transverse) directional arrows in the figure
inset. All measured crystal positions are relative to the at-rest position at time delay ) -50 ns. Panels C and D display the frequencies in
the longitudinal and transverse directions, respectively, which are obtained by FFT of the displacement responses shown in panels A and
B. The time range for each FFT was from 0 to 3.3 µs taken at 10 ns steps. The prominent frequencies are labeled, and the accuracy of the
weaker peak amplitude depends on sampling resolution, which in this case is 0.1 MHz.
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namely, those of reduced dimensions. Because the resonant
frequencies of a fixed-free beam are determined, in part,
by the beam dimensions (cf. eq 1), a Cu(TCNQ) crystal of
different length than that shown in Figure 5 should change
oscillation frequencies by the κ/L2 dependence. With a
smaller cantilever beam, we measured the oscillation fre-
quencies for a crystal of 300 nm thickness and 4.6 µm length,
using the same laser parameters as for the larger crystals,
and found them to be at higher values (Figure 6). This is
confirmed by the FFTs of the displacement spanning the
range 0-3.3 µs (Figure 6, panels C and D); a strong
resonance near 9 MHz with another weaker resonance at 3.6
MHz in the longitudinal direction (Figure 6C) is evident.
Within a few microseconds, the only observed frequency in
the FFT was near 9 MHz. This oscillation persists up to the
time scans of 30 µs, at which point the amplitude was still
roughly 40% of the leveling value near 2 µs. By taking this
duration (30 µs) to be the decay time (τ) required for the
amplitude to fall to 1/e of the original value, the quality factor
(Q ) πfτ) of the crystal free oscillator becomes near 1000.32
However, on longer time scales, and with less step resolution,
the crystal recovers to the initial state in a few milliseconds,
and if the mechanical motion persists, Q would increase by
an order of magnitude.
It is clear from the resonance value of the flexural
frequency at 9 MHz that as the beam reduces in size the
frequency increases, as expected from eq 1. However, if we
use this frequency to predict Young’s modulus, we will
obtain a value of 30 GPa, which is an order of magnitude
larger than that for the larger microscale crystal. The
discrepancy points to the real differences in mode structure
as we reach nanometer-scale cantilevers. One must consider,
among other things, the anchor point(s) of the crystals, the
frictional force with substrate and other crystals, and the
curvature of the beam (see movie in Supporting Information).
This curvature will cause the crystal to deviate from ideal
Euler-Bernoulli beam dynamics, thus shifting resonance
frequencies from their expected positions. Interestingly, by
using the value of 30 GPa for Young’s modulus, the
minimum energy conversion efficiency increases by a factor
of 15. These dependencies and the extent of displacement
in different directions, together with the physics of modes
coupling (dephasing and rephasing), will be the subject of
our full account of this work.
In conclusion, with 4D electron microscopy it is possible
to visualize in real space and time the functional nano-
mechanical motions of cantilevers. From tomographic tilt
series of images, the crystalline beam stands on the substrate
as defined by the polar and azimuthal angles. The resonance
oscillations of two beams, micro- and nanocantilevers, were
observed in situ giving Young’s elastic modulus, the force,
and the potential energy stored. The systems studied are
unique 1D molecular structures, which provide anisotropic
and colossal expansions. The cantilever motions are funda-
mentally of two types, longitudinal and transverse, and have
resonance Q factors that make them persist for up to a
millisecond. The function is robust, at least for 107 continuous
pulse cycles (∼1011 oscillations for the recorded frames),
with no damage or plasticity. With these imaging methods
in real time,33,34 and with other variants, it should now be
possible to test the various theoretical models involved in
MEMS and NEMS.
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